Thioredoxin is a redox-regulating protein, the expression of which is induced by various forms of oxidative stress. Thioredoxin controls the interactions of various transcription factors through redox regulation. In K562 cells, we have previously reported that hemin induces activation of the thioredoxin gene by regulating NF-E2-related factor (Nrf2) through the antioxidant responsive element (ARE). We showed here that tert-butylhydroquinone (tBHQ), an electrophile stressor, activates the thioredoxin gene through the ARE. In an electrophoretic mobility shift assay, a specific Nrf2/small Maf binding complex was induced by tBHQ and bound to the ARE. Overexpression of Nrf2 increased the tBHQ-induced thioredoxin gene activation through the ARE, whereas that of Jun and Fos suppressed the activation. The tBHQinduced ARE binding activity was completely abrogated by an oxidizing agent, diamide, whereas 2-mercaptoethanol (2-ME) reversibly recovered the inhibitory effects of diamide, suggesting that ARE binding activity is redoxdependent. Moreover, overexpression of thioredoxin enhanced the ARE-mediated thioredoxin gene activation by tBHQ. Therefore, ARE-mediated induction of thioredoxin expression is a mechanism of enhancing signal transduction through the ARE in electrophile-induced stress responses. Oncogene (2003 Oncogene ( ) 22, 1860 Oncogene ( -1865 Oncogene ( . doi:10.1038 Keywords: thioredoxin; Nrf2; antioxidant responsive element (ARE); tert-butylhydroquinone (tBHQ); redox regulation; electrophile Thioredoxin plays an important role in cellular processes via reduction/oxidation (redox regulation). The two-cysteine residues in its active sites undergo reversible redox reactions catalyzed by an NADPH-dependent enzyme, thioredoxin reductase (Holmgren and Bjo¨rnstedt, 1995) . We previously showed that expression of the thioredoxin gene is induced by hemin (ferriprotoporphyrin IX) through the antioxidant responsive element (ARE) (Kim et al., 2001) . Electrophiles induce the gene expression of phase II detoxifying enzymes such as g-glutamylcysteine synthetase, NAD(P)H: quinone oxidoreductase (NQO) and glutathione S-transferase via the ARE/electrophile responsive element in their gene regulatory regions (Friling et al., 1990; Rushmore et al., 1991) . NF-E2 related factor (Nrf2) is known to regulate ARE-mediated gene induction in response to electrophiles (Itoh et al., 1999) . These studies suggested that electrophiles also induce expression of the thioredoxin gene through the ARE by activating Nrf2. We here tested thioredoxin gene activation and analysed the mechanism in response to tert-butylhydroquinone (tBHQ), one of the major metabolites of butylated hydroxyanisole (BHA, a phenolic antioxidant), which is easily oxidized to electrophile substances and has been widely used to investigate gene induction (Verhagen et al., 1989) .
The Nrf2, NF-E2p45 and Jun/Fos proteins have conserved cysteine residues in their DNA-binding domains (Abate et al., 1990; Ney et al., 1993; Venugopal and Jaiswal, 1998) . DNA binding of the Fos-Jun heterodimer was modulated by reduction/ oxidation (redox) of the conserved cysteine residue (Abate et al., 1990) . Thioredoxin modulates the activities of various transcription factors by reducing cysteine residues (Packer and Yodoi, 1999) . Jun/Fos families of proteins are regulated by thioredoxin through modulation of their redox status (Meyer et al., 1993; Hirota et al., 1997) . In addition, small Maf proteins have also conserved cysteine residues in their DNA-binding domains (Blank and Andrews, 1997) . These studies prompted us to investigate whether the DNA-binding activity of ARE-binding proteins is modulated by redox status and the role of thioredoxin in the regulation of activation through the ARE.
Enhancement of thioredoxin expression by tBHQ
We assessed first whether thioredoxin protein expression is changed by tBHQ treatment in K562 cells. Treatment with 100 mm tBHQ augmented thioredoxin expression in K562 cells, detected by Western blotting (Figure 1a) . The mRNA level of thioredoxin was also increased at 6 h by tBHQ treatment in K562 cells (Figure 1b) .
The ARE region of the thioredoxin promoter is involved in tBHQ-induced thioredoxin gene activation As shown in Figure 2a , activation of the thioredoxin gene was observed in pTRX (À1148)-Luc containing the entire thioredoxin promoter region. We observed activation using pTRX (À463)-Luc, but no significant induction using pTRX (À352)-Luc, suggesting that the stretch from À463 to À352 of the thioredoxin gene is important for the tBHQ responsiveness. Furthermore, experiments using pTRX (À452, À420)-Luc showed a 6.4-fold induction by tBHQ, revealing that the À452 to À420 sequence is necessary for the responsiveness (Figure 2a) . A 5.3-fold induction was observed in a reporter vector containing wild-type ARE (pTrxAR-EWT-Luc). In contrast, thioredoxin gene activation by tBHQ was markedly reduced in the pTrxAREM1-Luc, pTrxAREM2-Luc and pTrxAREM3-Luc vectors and abolished in the pTrxAR-EM4-Luc vector ( Figure 2b ). The effect of tBHQ using the pTrxAREWT-Luc vector was dose-dependent ( Figure 2c ). Moreover, electrophiles such as diethyl maleate (DEM) and catechol also induced ARE-mediated thioredoxin gene activation in the pTrxAREWT-Luc, but not the pTrxAREM4-Luc vector ( Figure 2d ). These results indicated that this ARE region of the thioredoxin gene also plays an important role in thioredoxin gene expression induced by tBHQ as well as hemin.
Nrf2 was induced to bind to the ARE in response to tBHQ
We analysed the binding proteins to the ARE of the thioredoxin gene in response to tBHQ by electrophoretic mobility shift assay (EMSA). Binding of the constitutively binding complex (Complex I) and tBHQinduced binding complex (Complex II) to the ARE was competed by unlabeled oligonucleotides encompassing the ARE. We next investigated whether the binding activity to the ARE is changed by redox modulation. As shown in Figure 5 , the binding of Complex I and Complex II was abrogated by pretreatment with diamide, a thioloxidizing reagent. In contrast, the inhibitory effects of diamide were reversed by 2-mercaptoethanol (2-ME), a thiol-reducing reagent. These results indicated that the DNA-binding activity of NF-E2p45/small Maf and Nrf2/small Maf to the ARE is sensitive to their redox condition. A recent report showed that mutagenesis of a conserved cysteine to serine in the DNA-binding region of Nrf2 decreased the ARE-binding activity and induction of the NQO-1 gene (Bloom et al., 2002) , Figure 5 Redox sensitive binding activity to the ARE. The effect of redox modulation of ARE binding activity was tested using chemical reagents, diamide and 2-ME. K562 nuclear extracts (10 mg) treated without (lane 1) or with 100 mm tBHQ for 6 h (lanes 2-5) were analysed by EMSA. A 100-fold excess of wild-type unlabeled oligonucleotides encompassing ARE (lane 3) was used for monitoring specificity. The tBHQ-treated (6 h) K562 cell nuclear extracts were preincubated with 1 mm diamide for 15 min (lane 4) and then with 1% 2-ME for 15 min (lane 5). The AREW oligonucleotides were used as the probe. Arrows indicate the specific bands of DNA-protein complexes Figure 6 Positive feedback regulation by thioredoxin in the AREmediated thioredoxin gene activation. (a) Augmentation of AREmediated thioredoxin gene activation by thioredoxin. K562 cells were transfected with the indicated plasmids, either the pTrxAR-EWT-Luc or pTrxAREM4-Luc vector, together with pRL-TK. The amount of vector was normalized using the p3xFLAG/ CMV10 vector. The transfected K562 cells were cultured in the absence or presence of 50 mm tBHQ for 16 h. (b) Suppression of the ARE-mediated thioredoxin gene activation by mutant-thioredoxin in a dose-dependent manner. K562 cells were transfected with the indicated plasmids, together with the pTrxAREWT-Luc and pRL-TK vectors. The amount of vector was normalized using the p3xFLAG/CMV10 vector. The transfected K562 cells were cultured in the absence or presence of 100 mm tBHQ for 16 h. The p3xFLAG/CMV10-thioredoxin (wild-type) and p3xFLAG/ CMV10-thioredoxin (C32S/C35S) plasmids were constructed by subcloning PCR fragments of the wild-type and mutant human thioredoxin into pCR2.1-TOPO vector (Invitrogen), controlled by sequencing and subcloned into the NotI-BamHI sites of p3xFLAG/CMV10 expression vector (Sigma) 3 Figure 4 Activation of the thioredoxin promoter by Nrf2, but not by Jun/Fos. (a) Effects of overexpression of Nrf2 or MafK. K562 cells were transfected with pEF-BOS, pEF-Nrf2 and pEF-MafK vectors (Igarashi et al., 1994; Itoh et al., 1995) (Nakabeppu et al., 1993; Tsuji et al., 1995) , together with pTrxAREWT-Luc and pRL-TK vectors. The amount of vector was normalized using pYN3215. The transfected K562 cells were cultured in the absence or presence of 100 mm tBHQ for 16 h. (d) Dose-dependent suppression of ARE-mediated thioredoxin gene activation by c-Jun/c-Fos overexpression. K562 cells were transfected with pYN3215, pYN3215/cJun and pYN3215/c-Fos vectors, together with pTrxAREWT-Luc and pRL-TK vectors. The amount of vector was normalized using pYN3215. The transfected K562 cells were cultured in the absence or presence of 100 mm tBHQ for 16 h indicating that Nrf2 is sensitive to redox regulation. In addition, small Maf families of proteins also contain common cysteine residues in their DNA-binding regions (Blank and Andrews, 1997 ). The precise targets of the redox modifications of ARE-binding proteins should be further analysed.
Overexpression of thioredoxin augments the ARE-mediated thioredoxin gene activation by tBHQ
Since thioredoxin is reported to regulate the DNAbinding activity of various transcription factors, we next examined whether thioredoxin can enhance AREmediated thioredoxin gene activation in K562 cells. Overexpression of thioredoxin augmented the tBHQinduced thioredoxin gene activation through the ARE, but did not change basal reporter activities using the pTrxAREM4-Luc vector (Figure 6a ). Overexpression of mutant-thioredoxin (C32S/C35S) that has mutations in the active site cysteines suppressed the thioredoxinreducing activity and thioredoxin-dependent transcriptional activation (Oblong et al., 1994; Ueno et al., 1999) . We used this mutant vector to further analyse the role of thioredoxin in the tBHQ-induced ARE activation. Overexpression of mutant-thioredoxin suppressed ARE-mediated thioredoxin gene activation in a dosedependent manner (Figure 6b ). Thioredoxin has a pivotal role in the redox regulation of Jun/Fos (Hirota et al., 1997) . Considering the similarity between the Jun/ Fos families of proteins and Nrf2, it can be postulated that thioredoxin serves as a factor facilitating DNA binding of Nrf2/small Maf complex to the ARE. The ARE-mediated thioredoxin gene activation may enhance the ARE-mediated induction of ARE-controlled enzymes in the electrophile-induced stress response.
Finally, electrophiles cause noxious effects such as carcinogenesis in humans (Miller and Miller, 1981) . Nrf2-deficient mice are more susceptible to tumors induced by chemical carcinogens, suggesting that Nrf2 plays a central role in the protection against carcinogenesis in vivo (Ramos-Gomez et al., 2001) . Therefore, induction of thioredoxin through the Nrf2-ARE signaling pathway and potentiation of the ARE signaling by thioredoxin may contribute to protection against chemical-induced carcinogenesis.
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